The growth of 3D imaging across a range of sectors has driven a demand for high performance beam steering techniques. Fields as diverse as autonomous vehicles and medical imaging can benefit from a high speed, adaptable method of beam steering. We present a monolithic, sub-microsecond electro-optic switch as a solution satisfying the need for reliability, speed, dynamic addressability and compactness. Here we demonstrate a laboratory-scale, solidstate lidar pointing system, using the electro-optic switch to launch modulated coherent light into free space, and then to collect the reflected signal. We use coherent detection of the reflected light to simultaneously extract the range and axial velocity of targets at each of several electronically addressable output ports. An alternative approach to spatial beam manipulation is to use a device with distinct separate spatial output modes to perform a discrete 'point-by-point' scan rather than a continuous sweep. A reconfigurable waveguide network can perform such a discrete scan. This approach ensures high speed, side-lobe-free, single mode, and single wavelength beam steering with the field of view and resolution set instead by the output optics. Such discrete scanning has previously been demonstrated with a silicon photonic integrated circuit, where the output channel is controlled thermally [18] . Here, we demonstrate a fibre-to-
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Optical scanners, capable of high-speed optical beam pointing are essential for many imaging techniques, including lidar and medical imaging applications. The first commercial demonstrations of multi-pixel lidar sensors relied on mechanical spinning mirrors, which are cumbersome and lack dynamic addressability. Similarly full-field optical coherence tomography relied on sample stage movement, or mechanical mirror steering to scan a sample. Recent advances have moved to simple integrated beam scanning techniques, including MEMS mirrors [1, 2] , optical phase arrays [3] [4] [5] , and VCSELs [6, 7] . Other major approaches include liquid crystal electro-optic scanners [8] [9] [10] , electro-optic beam deflectors [11] [12] [13] , and spectral scanning [14] [15] [16] . These new beam scanning techniques have allowed improved sensing performance by increasing the size and refresh rate of the generated point cloud. Most of these beam scanning technologies still limit the point cloud size and refresh rate due to speed limitations, with the notable exception of indium phosphide optical phase arrays, who have angle sweep rates of > 10 ∘ / , [17] .
An alternative approach to spatial beam manipulation is to use a device with distinct separate spatial output modes to perform a discrete 'point-by-point' scan rather than a continuous sweep. A reconfigurable waveguide network can perform such a discrete scan. This approach ensures high speed, side-lobe-free, single mode, and single wavelength beam steering with the field of view and resolution set instead by the output optics. Such discrete scanning has previously been demonstrated with a silicon photonic integrated circuit, where the output channel is controlled thermally [18] . Here, we demonstrate a fibre-to- The multiplexing switch is constructed from a network of directional couplers, and is fabricated by the reverse proton exchange technique in congruent lithium niobate [19, 20] . The splitting ratio of each directional coupler is tunable between 0 and 100% by applying a voltage to electrodes patterned around two evanescently coupled waveguides. For this demonstration we create a switch with three output channels and total device loss of ~4dB. We characterize the frequency response of the one such electro-optic directional coupler by using it to amplitude modulate a laser beam. The modulated light is detected on a fast photodiode (PD), and the frequency response of the PD signal is shown in figure 1b , and demonstrates switching rates up to 300 MHz, limited by electrode design. With improved designs the response of such a system should reach the GHz range. . Pulsed systems can achieve this easily using random amplitude pulse encoding, however flash and FMCW systems are reliant on spectral separation, a scheme not suitable to produce millions of unique units. AMCW facilitates coherent time-of-flight plus Doppler analysis of the return signal, using eye-safe average and peak output powers. Our AMCW implementation allows for simultaneous measurement of range and velocity across discrete pixels in one dimension using only a single coherent detector. Additionally the switch architecture allows for temporal multiplexing of the detection electronics since all pixels are measured by a single detector.
The full scheme is shown in Figure 1b .
A low noise CW laser at 1550nm (Koheras Boostik, NKT Photonics) is split by a 3dB coupler between two electro-optic modulators (EOMs). The EOMs are used to modulate the output light to provide time-of-flight sensitivity (see below), which is then passed through an optical circulator and into the custom-made monolithic 1-to-Nout LiNbO3 electro-optic switching network. For demonstration purposes, we choose Nout=3. The average power of each switch output is approximately 200 μW, limited by the maximum input power of the EOMs (100mW) and their transmission. To obtain higher output powers, and therefore better signal to noise ratios, a low noise erbium doped fiber amplifier should be used after the EOM in the signal arm, or a lower loss EOM. The output channels of the electro-optic switch are imaged through a lens onto a remote target. In this case, the test target was a spinning drum of radius 64 ± 1 with a diffuse surface placed approximately 4.7m away from the lens.
Depending on the transverse position of the switch output channel, the output of the switch is directed by the lens into rays in free space (see Fig. 1b ), which intercept one or more target objects in the far-field. In our case, the target range is approximately 10 meters. In the current setup, the transverse separation between light from channels 1 and 2 is 9.4mm, and between channels 2 and 3 is 4.7mm at the target. These parameters are easily varied using different optics. After reflection from the object, the reflected light is collected at the same switch port from which it was launched. The collected light is recombined with the other arm of the 3 dB splitter, which acts as local oscillator, and is detected using a homodyne detector with bandwidth 100MHz [21] . Distance and velocity can be retrieved from the Fourier spectrum of the homodyne detector signal, which is captured at a sampling rate of 200MSPS using an oscilloscope.
The signal channel EOM is modulated to produce a square-wave, coherent pulse train on the output light, with repetition rate of 10MHz and pulse width of 10ns. Including intrinsic losses, the EOM transmission is -18.8dB. The second channel's EOM is modulated to produce the inverse pulse sequence of the first, with a delay suited so that back-reflection off the input of the electro-optic switch is not mixed with light from the other arm before being incident on the detectors as demonstrated in Figure 1c . The total loss of the second EOM is -6.1dB. This modulation of the reference signal reduces the detection of the back reflection from the electro-optic switch and allows an increase in the dynamic range of the lidar measurement. In future designs, the back reflection could be minimised by using a standard anti-reflection coating on the facets of the chip.
The monolithic electro-optic switching network is programmed to launch and collect light from each output channel in cyclic order, i.e. a measurement is taken from channel 1, then channel 2, and so on. A timing signal is sent from the switch control electronics to the oscilloscope to indicate which channel the received signal originates from. The uncertainty in range and velocity is determined by the number of samples per channel and the signal to noise ratio.
For these measurements the switching rate between different outputs is set to 10 kHz, with a duty cycle of 10% per channel, meaning 10000 samples are taken per channel per measurement. The frequency (velocity) resolution is calculated from the full width at half maximum of the lowest frequency Doppler peak, which was ±33 (±25 / ). The position resolution is set by the sampling rate (200MSPS, ±0.75 ), however the random phase of the noise in the signal increases this uncertainty proportional to the signal to noise ratio (SNR). The accuracy can be improved by using a higher sampling rate, longer acquisition times or averaging over many acquisitions.
From the Doppler lidar measurements, using a known radius, the tangential velocity of the spinning target can be calculated as well as the angle-of-incidence for the light. The surface velocity of the target was set to = 15.3 ± 0.1 / , and based on the angle of incidence, we calculate the axial target velocity = sin( ) to compare with the Doppler inferred velocity. These measured and computed quantities are summarized in Table 1 , showing very good agreement between the measured and inferred velocities. For ranging, in our demonstration, the return signal was sufficiently weak that ranging data based on the phase shift was subject to large uncertainty. However, time-domain analysis of the return signal is capable of giving much improved ranging accuracy. Because of the low pulse repetition rate the unambiguous velocity measurement range is only 7.75 −1 , and unambiguous range measurement interval is only 15m. This can be improved with higher pulse repetition rates and improved modulation schemes respectively. This beam steering method is also suitable for simultaneous range and velocity measurement using alternative lidar schemes.
Channel
An advantage of a discrete beam steering scheme such as the one presented here is the possibility for distributed sensing heads for lidar. As the outputs of the electro-optic switch may be easily recollected into fiber, the outputs can be easily routed to different places around a vehicle, with each fiber terminated by a taper or microlens. This means the 'sensor head' can be extremely small, unobtrusive and easily replaced. The TX/RX module, and the electro-optic switch may be integrated onto a daughter board connected to the central processing unit. This is ideally suited to harsh environment sensing, where any external sensor head may be easily damaged, and must be cheaply and easily replaceable. Furthermore the requirement of only one set of detection electronics for multiple sensors, can reduce the total sensor cost for automotive lidar.
CONCLUSION
We have demonstrated the utility of high speed electro-optic switches for free-space beam scanning applications by creating a multi-pixel lidar system with a three channel switch. This scheme has several advantages including its speed, modularity, dynamic addressability, single-mode output, and compatibility with various coherent light modulation techniques. The approach we describe is scalable up to ~1000 output channels per chip using smaller footprint thin-film ridge waveguides in lithium niobate [22] . Additionally it could be considered to complement such a switching chip with acousto-optic deflectors on the waveguide outputs [23] , to create a chip with 2D scanning, one direction discrete, and the other continuous.
